The aim of this research was to examine the temporal limits of binocular and monocular integration useful for one-handed catching. Participants performed 20 one-handed catching trials in 12 conditions (N = 240) defined according to the type of viewing (binocular, monocular) and the manipulation of the visual sample (continuous, intermittent). Catching performance deteriorated significantly when there was no visual information available for 80 ms between 20-ms visual samples provided simultaneously to each eye. However, there was no change in catching performance when continuous monocular vision was available for 80 ms between the binocular samples. Performance under monocular viewing decreased significantly when intermittent samples were separated by less than 20 ms. These results confirm that the equivocality in previously reported temporal limits of binocular integration is due to the different arrangement of the intermittent vision conditions and hence the information available between intermittent samples.
Participants can maintain reasonable levels of outcome performance in various perceptual-motor tasks (e.g., locomotion, one-handed catching, and manual aiming) when intermittent visual samples are separated by no longer than approximately 80 ms (Elliott, Chua, & Pollock, 1994a; Elliott, Pollock, Lyons, & Chua, 1995; Lyons, Fontaine, & Elliott, 1997; Bennett, Elliott, Weeks, & Keil, 2003) . With longer intervals between intermittent samples, participants may attempt to maintain outcome performance by modifying movement execution (Elliott et al., 1995) . In a manual aiming task with a high index of difficulty (e.g., 5 and 6 bits), participants exhibited longer movement times, achieved peak velocity proportionately earlier in the movement, and spent more time in the deceleration phase under conditions of intermittent vision (Elliott et al., 1995) . It has been suggested that movement execution is modified when intermittent visual samples are separated by more than 80ms because participants are no longer able to maintain the integration of consecutive visual samples over time (Elliott, 1990) , and hence maintain the perception of continuous visual information regarding the change in distance between the hand and the stationary target (Elliott et al., 1995) .
The temporal integration of intermittent samples has been suggested to be dependent on the persistence of the relevant visual information (e.g., binocular and monocular; for a review, see Coltheart, 1980) and the perceptual properties (e.g., pragmatic and semantic) it supports (Hogben, Rodino, Clark, & Pratt, 1995; Olivier, Weeks, Lyons, Ricker, & Elliott, 1998; Slaghuis & Ryan, 1999) . Using a randomdot stereogram that examined participants' ability to attain stereopsis (i.e., semantic perception), Engel (1970) found that the persistence of the monocular information that contributed to stereopsis was approximately 80 ms, whereas the persistence of stereopsis (i.e., the binocular information) was approximately 300 ms. Comparable values were reported by Ross and Hogben (1974) . It is noteworthy, though, that the persistence of the monocular information that contributes to stereopsis (termed visual persistence) is not equivalent to the persistence of monocular information per se (termed visible persistence; see Coltheart, 1980) . The method of determining the persistence of stereopsis used by Engel (1970) did not measure the persistence of the separate monocular inputs. When measured separately, longer estimates between 100-120 ms have been reported for monocular persistence that contributes to pattern perception (Ross & Hogben, 1974) . Interestingly, the persistence of monocular and binocular vision for pattern perception is approximately equivalent (Hogben & Di Lollo, 1974) .
With regard to perceptual-motor tasks, different effects of intermittent vision on one-handed catching performance in conditions of binocular and monocular viewing have been reported (Olivier et al., 1998) . Although participants achieved a similar number of catches, grasp errors, and positional errors (for a definition, see Methods), in the continuous and intermittent binocular vision conditions (e.g., approximately 78% and 69% of catches, respectively), performance on these variables was significantly disrupted in the intermittent monocular vision conditions. With a constant on-time of 20 ms, each increase in the no-vision interval (i.e., from 0 to 80 ms) was accompanied by a corresponding decrement in catching performance. The authors suggested that the provision of 20-ms intermittent visual samples to one eye was not sufficient to maintain the perception of monocular sources of information such as the inverse of the relative rate of expansion (i.e., tau). However, the combination of continuous vision to one eye with 20-ms visual samples to the other eye every 80 ms (i.e., intermittent binocular vision condition), enabled participants to maintain the perception of binocular sources of information such as disparity. It was therefore concluded that the temporal limit of integration of the information useful for one-handed catching was substantially shorter for the monocular (<20ms) compared to binocular viewing (>80ms).
Although not designed to examine differences in the temporal limit of binocular and monocular integration, Elliott, Zuberec, and Milgram (1994b) report values for binocular information that are shorter than those of Olivier et al. (1998) . In experiment 1, they found that catching performance under conditions of binocular viewing deteriorated significantly when 20-ms visual samples were separated by off-periods of 60 ms compared to off-periods of 40 ms. In experiments 2 and 3, participants made significantly fewer catches when 20-ms visual samples were separated by offperiods of 80 ms (60% and 40%, respectively) compared to a continuous vision condition (95% and 90%, respectively). It was concluded that catching performance deteriorated rapidly when the interval between binocular samples was greater than 80 ms. This finding was later confirmed by Lyons et al. (1997) .
Interestingly, then, there appears to be some equivocality regarding the persistence of binocular information useful for one-handed catching. Apart from minor variations between these studies (i.e., ball projection speed and distance), the main difference that may have influenced the results is the arrangement of the binocular intermittent vision conditions. In the Elliott et al. (1994b) and Lyons et al. (1997) studies, 20-ms visual samples (on-period) were provided simultaneously to both eyes after a period in which there was no visual information available. Therefore, visual samples could only be integrated and provide continuous binocular information, if they persisted for longer than the no-vision off-period. In the Olivier et al. (1998) study, 20-ms visual samples were provided to one eye after a period in which there was no visual information available to that eye, but continuous visual information to the other eye. The authors suggested that performance was maintained in their intermittent binocular vision condition by integrating visual samples over time and across the eyes.
Although the arrangement of the intermittent binocular vision conditions in previous work may have influenced participants' ability to maintain performance, and hence our understanding of the temporal limit of integration of binocular samples, this remains to be empirically verified. This experiment was designed to further examine the temporal limits of binocular integration. This was achieved by manipulating the information available between intermittent visual samples under conditions of binocular viewing. Based on the findings of the previous work on intermittent vision and one-handed catching, it was expected that there would be a decrement in catching performance when 20-ms binocular samples were separated by an 80-ms no-vision off-period. However, catching performance should be maintained when continuous monocular information was provided between 20-ms binocular samples. A subsidiary aim was to confirm the much shorter temporal limit of integration of monocular compared to binocular samples.
Method

Participants
Twenty-five participants who caught more than 90% of 20 balls in a pre-test were selected to take part in the study (21 men, 4 women; mean age = 21 years). All participants had normal or corrected-to-normal vision. Prior to testing, they were informed, in both verbal and written form, of the requirements of the experiment. They then gave written consent to participate. All participants were both right-eye and right-hand dominant.
Task and Apparatus
Participants were required to catch tennis balls with their dominant hand. The balls were projected from a Bola ball projection machine (Stuart and Williams, Bristol). The balls were projected from a distance of 6 m, a height of 1 m above the ground, and with an angle that was adjusted prior to testing so that the ball would arrive at a distance of approximately 30 cm from the shoulder of the participant's catching arm. The ball machine was tested for inter-trial reliability, which indicated that 95% of 240 balls fell within a 30-cm diameter of the desired location, with a standard deviation of ±5 cm. A video camera (Panasonic F15) was positioned at an angle of approximately 30° and at a distance of 6 m to the right of the participant in order to record trials for later analysis.
Participants stood facing the ball machine, with their hands positioned by their side before the start of each trial. They were instructed to catch as many balls as possible. When a ball was caught, it was thrown into a box positioned on the floor to their left-hand side. Twenty one-handed catching trials were performed in 12 conditions (N = 240) defined according to the type of viewing (binocular, monocular) and the manipulation of the visual sample (continuous, intermittent). The viewing condition and visual sample manipulations were achieved with a pair of liquid-crystal occlusion goggles (PLATO). The goggles were interfaced with a PC running in-house software that regulated the duration of the transparent and opaque state of the lenses. The on-period (lens transparent) and off-period (opaque lens) were chosen in order to enable comparison with previous work on intermittent vision in one-handed catching. Two conditions of binocular viewing were examined. In Binocular 1, there was no visual information available between the 20-ms visual samples. In Binocular 2, continuous monocular vision was available between the 20-ms visual samples. The conditions are shown in Table 1 . Prior to the experimental trials, participants were given 10 familiarization trials in a normal-vision condition. The order of conditions in the experimental trials was randomized to minimize any sequence effects.
Dependent Measures of Catching Performance
To permit comparison with the work of Olivier et al. (1998) and Elliott et al. (1994b) , outcome performance was described with three dependent variables. These were (a) the proportion of balls caught, (b) the proportion of positional errors, and (c) the proportion of grasp errors. A position error was made when the ball failed to make contact with the metacarpophalangeal pads of the palm of the catching hand. A grasp error was made when the ball made contact with the metacarpophalangeal pads of the palm of the catching hand, but the fingers were closed incorrectly and the ball rebounded. Because the number of grasp errors may be underestimated when there is a position error (Fischman, 1986) , grasp errors were calculated as a proportion of the number of possible grasp errors minus the number of positional errors. A sample of the trials (i.e., 20 trials from 2 conditions for 2 participants) was independently scored by two experimenters. Inter-scorer agreement was 0.95.
Results
The intra-individual means for each dependent variable were calculated and submitted to separate 3 Viewing (monocular, binocular 1, binocular 2) by 4 Visual Sample (continuous, 20/20, 20/40, 20/80) analysis of variance (ANOVA) with repeated measures on both factors. Although the continuous vision conditions under binocular 1 and binocular 2 viewing were the same, participants performed 20 trials in both conditions so that there were no empty cells in the ANOVA design. The results for each dependent variable are represented in Figure 1 .
Catches
Significant main effects were found for Viewing, F 2,48 = 54.1, and Visual Sample, F 3,72 = 34.4 (p < .001). There was also a significant Viewing by Visual Sample interaction, F 6,144 = 9.56 (p < .001). Post hoc testing (Tukey's HSD) revealed that for monocular viewing, there was a significant reduction in the proportion of catches when intermittent visual samples were separated by a 20-ms off-period (81%). For binocular 1 viewing, there was a decrement in performance when intermittent visual samples were separated by an 80-ms off-period (72%). Under binocular viewing 2, there was no significant difference in the proportion of catches between the continuous and intermittent vision conditions. Comparison between viewing conditions revealed participants caught an equal proportion of balls when monocular and binocular viewing was continuous (91, 97, and 95%, respectively). Participants caught significantly fewer balls under monocular viewing compared to both binocular viewing conditions when the 20-ms intermittent visual samples were separated by a 20-or 40-ms off-period. Performance in the binocular 1 viewing condition deteriorated to a level similar to that achieved under monocular viewing when the 20-ms intermittent visual samples were separated by an 80-ms off-period.
Position Errors
Significant main effects were found for Viewing, F 2,48 = 45.6, and Visual Sample, F 3,72 = 17.4 (p < .001). There was also a significant Viewing by Visual Sample interaction, F 6,144 = 4.8 (p < .001). Post hoc testing (Tukey's HSD) revealed that there was a significant increase in the proportion of position errors when intermittent monocular samples were separated by a 40-ms off-period (7%). There was no effect of off-period duration in the binocular 1 condition until the intermittent visual samples were separated by 80 ms (7%). Participants in binocular 2 exhibited the same, low proportion of position errors across all durations of off-period.
Comparison between viewing conditions revealed a similar pattern to that found for the proportion of catches.
Grasp Errors
Significant main effects were found for Viewing, F 2,48 = 41.4, and Visual Sample, F 3,72 = 30.6 (p < .001). There was also a significant Viewing by Visual Sample interaction, F 6,144 = 8.5 (p < .001). Post hoc testing (Tukey's HSD) revealed that the increase in grasp errors mirrored the increase in position errors and the decrease in proportion of catches.
Discussion
It has been suggested that performance is maintained under conditions of intermittent vision when the visual samples are integrated and that this depends on the persistence of visual information. A review of the literature on intermittent vision in one-handed catching reveals that there is some discrepancy regarding the temporal limit of integration of intermittent binocular samples. Olivier et al. (1998) reported that performance is maintained under binocular viewing when intermittent 20-ms visual samples are separated by 80 ms, whereas others have indicated that performance deteriorates when intermittent 20-ms visual samples are separated by as little as 60 ms (Elliott et al., 1994b) . In the present study, we hypothesized that the discrepant results regarding the temporal limit of binocular integration could be due to differences in the design of the intermittent vision conditions.
Our results confirm that the arrangement of the off-period in the binocular conditions influences the ability to maintain performance under conditions of intermittent binocular vision. Even with a relatively consistent ball trajectory, participants were not able to make the fine spatio-temporal adjustments necessary to make a catch when there was no visual information available to both eyes during an 80-ms off-period. There was no change in performance when continuous monocular vision was provided to one eye during the off-period. Following on from suggestions made by Olivier et al. (1998) , it is feasible that the difference between intermittent binocular vision conditions was a consequence of different activation of ipsilateral and contralateral pathways. Providing participants with continuous monocular vision to the right eye in combination with intermittent 20-ms samples to the left eye (Binocular 2) would have resulted in the continuous activation of ipsilateral pathways within the right hemisphere and contralateral pathways within the left hemisphere during the "off-period," followed by activation of both ipsilateral and contralateral pathways within both hemispheres during the on-period. Alternately, providing participants with intermittent 20-ms samples to both eyes, separated by a no-vision off-period (binocular 1), would have resulted in activation of both ipsilateral and contralateral pathways within both hemispheres during the on-period only.
In primary visual cortex, neurons receiving input from the left or right eye are systematically organized into ocular dominance columns (Hubel & Wiesel, 1959 , 1962 . In the extrastriate cortex, the signals from each eye are combined, such that the neurons can be activated by stimuli presented to either eye. Simultaneous binocular stimulation results in activation of both left and right eye ocular dominance columns, and a resultant binocular interaction that is evidenced in the fMRI response (Büchert, Greenlee, Rutschmann, kraemer, and Hennig, 2002) . A significantly different response, corresponding to less binocular interaction, is evident when each eye is stimulated alternately or with an offset such that one eye trails behind the other. In the present study, the provision of a 20-ms binocular sample during the "on-period" would have resulted in the activation of both right and left eye ocular dominance columns in the ipsilateral and contralateral pathways within both hemispheres, and hence a binocular interaction. Then, with continuous monocular vision to the right eye during the "off-period," there would have been continuous activation of right eye ocular dominance columns in the ipsilateral pathways within the right hemisphere and contralateral pathways within the left hemisphere. Given that the ocular dominance columns have binocular receptive fields in the extrastriate cortex, it follows that the continuous activation of right eye ocular dominance columns during the "off-period" could have maintained the activation of these fields and hence influenced the temporal integration of binocular samples.
An alternative interpretation of the results is that rather than being able to integrate visual samples and perceive continuous binocular information, participants maintained performance by relying on continuous monocular vision. The finding of a difference between conditions of continuous binocular and continuous monocular vision discounts this position. Similar to Olivier et al. (1998) , we found that performance in the intermittent binocular condition did not decrease to the level of the continuous monocular vision condition. Therefore, it would appear that there was a moderate binocular advantage gained by integrating intermittent binocular samples. This binocular advantage was not as large as that reported by Olivier et al. (1998) . Observation of their data (see Table 2 , p. 346) indicates that their participants were less proficient performers than those examined in the present study. Consequently, as has previously been reported (Savelsbergh & Whiting, 1992; Von Hofsten, Rosengren, Pick, & Neely, 1992) , their less skilled participants were more adversely affected by the viewing manipulation.
Aside from the influence of the arrangement of the intermittent binocular viewing conditions, we also confirmed Olivier et al.'s (1998) finding that catching performance could not be maintained when intermittent monocular visual samples were separated by as little as a 20-ms no-vision off-period. This indicates a much shorter persistence than the monocular information that contributes to stereopsis (80 ms; Engel, 1970; Ross & Hogben, 1974) . It is also shorter than the persistence of the binocular information, and consequently is not consistent with the equivalent persistence of monocular and binocular vision (120 ms) for pattern perception (Hogben & Di Lollo, 1974) . It remains to be verified if differences in the persistence of monocular and binocular information that support one-handed catching are evident in other perceptual-motor tasks.
To summarize, the results of the present study confirm that the limit of temporal integration, and hence perception of information useful for one-handed catching, is shorter for monocular viewing (<20 ms) compared to binocular viewing. When there is no visual information available between visual samples, the limit of binocular integration is between 40 and 80 ms. However, when continuous monocular vision is available between binocular samples, binocular integration can be maintained in excess of 80 ms.
